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I. INTRODUCTION

S
HOCKLEY-Read-Hall (SRH) recombination because of semiconductor defects reduces charge-carrier lifetimes in solar cells, and this effect is one of the most important factors limiting open-circuit voltage (V OC ) and efficiency. Considerable theoretical and experimental efforts have been made to identify and mitigate "carrier-lifetime-killing" defects in CdTe [1] - [7] . Experimental studies mostly aim to develop correlations between carrier lifetime and voltage [8] , and theoretical studies mostly analyze defect formation energies [9] . In this paper, we combine experimental and theoretical approaches to identify specific bulk defect states that reduce carrier lifetimes in CdTe.
Our analysis is based on the kinetic modeling of the timeresolved photoluminescence (TRPL) injection dependence using recombination rate constants derived from first-principles Manuscript received May 7, 2018 
II. EXPERIMENTAL
CdTe single crystals were grown using the vertical Bridgman method at Washington State University [10] . Without passivation, the surface recombination velocity for CdTe is >10 5 cm/s; therefore, for bulk defect analysis, we use two-photon excitation (2PE), where carriers can be generated several diffusion lengths away from the crystal surface and such data are not affected by surface recombination. Excitation was at 1120 nm (1.11 eV) for 2PE TRPL spectroscopy and at 1030 nm (1.20 eV) for 2PE TRPL microscopy. PL/TRPL spectroscopy and microscopy instrumentation have been described elsewhere [11] , [12] . We perform first-principles calculations of defect formation energies and ionization levels using a 216-atom supercell and hybrid density functional, as described in [13] . In kinetic simulations, we solve a set of differential equations to find the time-dependent concentrations of defects and free carriers using the ODE15s solver implemented in MATLAB.
III. RESULTS AND DISCUSSION
A. Carrier Lifetimes in Undoped CdTe With Cd-Rich Stoichiometry
According to the defect chemistry theory, either extra Cd or higher temperature during growth can improve carrier lifetime by reducing the amount of recombinationally active tellurium antisite (Te Cd ) defects; such predictions are confirmed experimentally [14] . However, in practice, it is difficult to determine concentrations of intrinsic semiconductor defects. To address this challenge, we combine experiments and kinetic modeling to quantify Te Cd concentration. In this section, we report carrier-lifetime injection dependence for Cd-rich and Te-rich CdTe crystals and describe modeling and analysis for Cd-rich stoichiometry. Analysis for Te-rich stoichiometry is presented in Section III-B. Fig. 1(a) shows 2PE TRPL lifetimes for Cd-and Te-rich undoped CdTe. With 2PE, an increase of the average excitation power from 10 to 60 mW leads to (60/10) 2 or 36 times higher injection. Using reported two-photon absorption coefficients [15] , injection ranges from 5 × 10 13 cm −3 to 2 × 10 15 cm −3 . For Cdrich stoichiometry, at this injection range, TRPL lifetimes increase from 115 to 300 ns, which is consistent with the saturation of the primary recombination center at higher injection. Data in Fig. 1 (a) agree with the current theoretical model for SRH defect states in CdTe [2] . If Te Cd is the dominant recombination center, then crystals grown in Cd-rich stoichiometry are expected to have lower Te Cd concentration and, hence, faster saturation with injection increase. In contrast, more Te Cd will be present for Te-rich crystals, and no recombination-center saturation is observed for the injection range that can be realized in experiment.
To verify this recombination model shown in the inset of Fig. 1 , we performed kinetic simulations for electron (n), hole (p), and Te +2/+1 Cd defect concentrations by numerically solving the system of first-order differential equations (t is time): 
Optical generation (described by rate K 1, f ) corresponded to the experimental conditions (we used reported two-photon absorption coefficients [15] ). Thermal generation (rate K 2,b ) was also included. Modeling of radiative band-to-band recombination used radiative recombination coefficient B = 1 × 10 −10 cm 3 / s [16] . Electron-and hole-capture rate constants K 3, f and K 4, f were taken from [2] and are summarized in Table I . Therefore, the simulation does not rely on adjustable parameters, except for the Te Cd concentration.
The kinetic model of (1) does not account for carrier transport such as drift and diffusion. This is justified by the experimental conditions because the excitation spot diameter in the 2PE spectroscopic measurement is ≈ 300 μm, and carriers are not expected to diffuse from such a large volume. (In contrast, carrier transport is analyzed with 2PE microscopy in Section III-E.) Fig. 1 in Cd-rich stoichiometry is in the order of 10 13 cm -3 . Similar Te Cd antisite density estimates were made theoretically [2] , [20] . Agreement between the lifetime-limiting defect density derived from experiments and theory provides further support for the recombination model where dominant losses are attributed to only one SRH recombination center. Either increased Cd partial pressure and/or CdTe growth temperature reduce Te Cd concentration; therefore, this understanding of loss mechanisms can be employed in fabricating high-efficiency solar cells.
B. Carrier Lifetimes in Undoped CdTe With Te-Rich Stoichiometry
We now consider recombination in crystals with Te-rich stoichiometry. If we use K 3, f and K 4, f rate constants from the Cdrich case, we can reproduce injection-independent lifetimes, but such simulations predict injection-independent lifetimes <3 ns, whereas the experimental lifetimes are injection independent at >50 ns [see Fig. 1(a) ]. To reproduce experimental data, we need to decrease the hole-capture rate constant K 4, f from 10 -6 to 10 -8 cm 3 /s. Such a simulation is shown in Fig. 1(b) and parameters are summarized in Table I .
There could be at least two possible explanations for the apparent decrease of the hole-capture rate in Te-rich crystals.
1) The primary SRH recombination centers are different for Cd-and Te-rich stoichiometry. 2) There is more than one "lifetime-limiting" defect, and the ratio of such recombination centers changes with CdTe stoichiometry. The first possibility seems more probable (and also simpler), especially if we take into account that Te-rich conditions can lead to the formation not only of Te Cd , but also of Te i − Te Cd complexes. Our first-principles calculation results (see Fig. 2 Because K 4, f for the Te-rich case is reduced by two orders of magnitude (see Table I ), it appears that defect association reduces the recombination impact, and this could be one of the factors that allows fabrication of CdTe solar cells with good carrier lifetimes not only in Cd-rich stoichiometry, but also in Te-rich stoichiometry [14] . Nevertheless, if other factors are equal, Cd-rich stoichiometry is expected to yield higher carrier lifetimes, and thus, higher V OC .
C. Dopant Signatures in the Low-Temperature Photoluminescence Emission Spectra
Carrier lifetimes also change with doping. This occurs because: 1) radiative recombination increases in doped samples and 2) incorporated but not activated dopants can introduce new recombination centers. In this section, we describe some uses of PL spectroscopy to analyze dopant activation. In Sections III-D and III-E, we consider recombination in doped CdTe.
Most CdTe solar cells are doped with Cu at ≈ 10 14 − 10 15 cm −3 and such doping shows degradation over time [21] , [22] . Recently, higher and stable p > 10 16 cm −3 carrier density was achieved with group-V dopants [7] , [23] . Although dopant incorporation is usually verified in chemical analysis (e.g., with secondary ion mass spectrometry), contactless and nondestructive PL emission measurements can indicate specific dopant substitution in the lattice, such as Cu Cd or As Te . Thus, PL data indicate dopant activation, not only incorporation. Efforts are applied to increase dopant activation [7] , [23] , [24] , [39] , and nondestructive PL metrology could be used in such research. Fig. 3 summarizes low-temperature PL emission spectra for undoped (green, measured for single crystals [25] ), Cu-doped (red, measured for polycrystalline solar cells [26] ), P-doped (measured for single-crystal solar cells [7] ), and As-doped CdTe (measured for epitaxial heterostructure grown by molecular beam epitaxy at Texas State University [27] ). Only the doped samples have broad PL emission outside the exciton (1.57-1.59 eV) and point-defect (≈ 1.55 eV) emission range. Based on comparison with published data, such PL emission bands are attributed to Cu Cd [28] , P Te [29] , and As Te [30] . The dopant PL bands are broadened because of the phonon emission, and the longitudinal-optical (LO) phonon replicas with peak spacing of ≈ 21 meV are evident.
Solid Gaussian lines in Fig. 3 show fits for the zero phonon lines (ZPL) (E ZPL = 1.45 eV for Cu Cd , 1.53 eV for P Te , and 1.52 eV for As Te ). The dashed Gaussian fits indicate n = 1 · · · 4 LO phonon replicas. The inset shows that dopants have similar Huang-Rhys factors S ≈ 1, which suggests similar dopant coupling to the lattice in polycrystalline films/devices and in single crystals. The dopant activation energies E a -80 meV for As Te , 90 meV for P Te , and 150 meV for Cu Cd -are estimated from the low-temperature bandgap (E g ≈ 1.60 eV) and E ZPL . The uncertainty in these values is <10 meV, but such energies describe optical transitions, and the thermal energies could be different. First-principles analysis can be applied to calculate energies of optical transitions [25] , but this is rarely used in thin-film photovoltaics research.
We will summarize several experimental aspects of dopant characterization with PL emission spectroscopy. First, this analysis requires relatively large and uniform CdTe grains; otherwise, chemical heterogeneity could lead to line broadening and less-resolved PL spectra [31] . Practically, this limitation is not significant for large-grain CdTe absorbers [26] , [23] , but could be important for alloyed CdSeTe absorbers [32] . Second, PL is mostly emitted from the near-interface region, not necessarily from the absorber bulk. This could be either an advantage or a limitation in characterization. Approximate depth can be estimated as 1/α, where α is the absorption coefficient. Depending on the excitation wavelength, 1/α ranges from ≈ 50 nm to ≈ 1 μm. Third, PL data currently do not provide quantitative information about CdTe dopants. (Dopant concentration in Si can be determined from the ratio of free-to-bound exciton PL intensity [33] , and similar relationships might be found for CdTe.) Fourth, in some cases, PL spectral changes attributed to dopants can be also observed in room-temperature data [23] , and these characteristics likely depend on sample preparation conditions.
D. Carrier Lifetimes and Radiative Efficiency in Doped CdTe
Identification of "carrier-lifetime-limiting" Te Cd defects suggests that similar analysis is applied for doped materials. Empirically, carrier lifetimes could differ greatly [6] , [8] , [34] .
To illustrate carrier-lifetime dependence on doping, Fig. 4 compares data for GaAs double heterostructures [35] and for P-doped CdTe single crystals [36] . For both sets of samples, fits indicate a slope of ≈ 1 (shown as solid lines); therefore, lifetimes are limited by radiative recombination, where the radiative lifetime τ R is
The vertical offset for the CdTe data means that the radiative recombination coefficient B is about two times lower in CdTe (in agreement with published B values [16] , [35] ) and radiative lifetimes are about two times higher for CdTe compared with GaAs. Therefore, if interface, grain-boundary, and bulk SRH defect recombination were eliminated, CdTe solar cells would then produce V OC s higher than GaAs.
The radiative lifetimes (solid lines) in Fig. 4 can be used to estimate radiative efficiency in samples where TRPL lifetimes and doping are known. For example, single crystals analyzed in Sections III-A and III-B had minority-carrier (electron) lifetime <1 μs and net-acceptor (hole) concentration ≈ 10 14 cm −3 . Therefore, the estimated radiative lifetime is ≈ 100μs, and SRH recombination because of defects is dominant for such undoped CdTe. For CdTe doped at p = 10 16 cm −3 , the radiative lifetime would be 1 μs, and for p = 10 18 cm −3 , radiative lifetime would be ≈ 10 ns. Therefore, carrier-lifetime comparisons are most useful when device doping is similar; otherwise, a better metric is radiative efficiency, which combines both lifetime and doping characteristics as follows:
The bulk carrier lifetime τ B can be estimated as τ 2PE (experimental 2PE TRPL lifetime) for single crystals and as τ 2 for one-photon-excitation TRPL measurements on p-n junction solar cells [37] .
For undoped single crystals, radiative efficiency is < 10 −2 , whereas for P-doped single-crystal CdTe, radiative efficiency is close to 1 (see Fig. 4) . Fig. 4 also indicates approximate doping-carrier lifetime ranges for Cu-and As-doped CdTe solar cells. Illustrations for As and Cu attempt to capture literature results described in the following and are not based on defect analysis.
Experiments [26] and theory [3] are in agreement that with Cu, point defects in bulk are the dominant recombination centers-especially for the state-of-the-art solar cells where grain-boundary recombination is reduced. Simulations show that Cu Cd dopant (PL emission is shown in Fig. 3 ), having lower carrier-capture rates, still can lead to shorter carrier lifetimes when a high density of uncompensated Cu Cd is introduced [3] . One of the factors limiting radiative efficiency with Cu doping to < 10 −3 is the difficulty in achieving stable doping at > 10 14 cm −3 [21] . Radiative efficiency increases for As-doped CdTe. Literature results for As-doped single crystals include τ 2PE = 1.8 ns ( p = (2 − 5) × 10 15 cm −3 , radiative efficiency < 10 −3 ) [19] , [38] , τ 2PE = 5 − 20 ns ( p = 10 16 cm −3 , radiative efficiency 0.005-0.02) [39] , and τ 2PE = 5 ns (p = 10 18 cm −3 , radiative efficiency 0.5) [39] . In [39] , increase of As dopant activation from p = 10 16 to 10 18 cm −3 resulted in correspondingly higher radiative efficiency (0.02 and 0.5). This observation suggests that inactive As creates recombination centers, and increased As activation reduces recombination.
In As-doped epitaxial heterostructures, TRPL lifetimes were 1.5-2.7 ns ( p = (1-2) × 10 16 cm −3 , radiative efficiency ≤ 5 × 10 −3 ) [27] . In polycrystalline CdTe:As solar cells, grain-interior lifetimes were 1.0-2.4 ns ( p = (4 − 6) × 10 16 cm −3 , radiative efficiency 10 -2 ) [4] . A brief summary of the literature results indicates that carrier lifetimes and radiative efficiencies do not follow the same trends: Lifetimes are the highest in undoped samples (up to 670 ns in [17] ) and shortest with As doping (ࣘ20 ns) [39] . Radiative efficiency could be close to 1 for P-doped CdTe single crystals [36] , up to 0.5 in As-doped single crystals [39] , 10 -2 for Asdoped solar cells [4] , < 10 −2 for undoped CdTe [17] , and < 10
for Cu-doped solar cells [26] . As one of the design criteria for the high-efficiency solar cells, we need to ensure that the minority-carrier diffusion length L D = sqrt(Dτ B ) exceeds the absorber thickness. For this estimation, τ B and mobility μ(D = k B T /eμ, where k B T /e is thermal voltage) are the appropriate metrics. When the "L D criterion" is satisfied, high radiative efficiencies enable solar cell architectures where V OC is enhanced by photon management [35] . Such a voltage boost is up to V OC = k B T /e ln(const n 2 ), where n is a refractive index, and const = 2 − 4 depending on the device architecture [40] . For CdTe (n ≈ 2.95), possible V OC increase is 75-92 mV, which is similar voltage boost from ≈ 850 to ≈ 930 mV because of the reduced SRH recombination.
E. Carrier-Lifetime Microscopy in As-Doped CdTe
Radiative efficiency with As-doping is higher than for Cudoping, but nonradiative recombination lifetimes for As-doped CdTe are short (see Section III-D). Consequently, identifying lifetime-limiting defects in As-doped CdTe is a topic of current interest. AX-center defects were identified from first-principles calculations and electrical measurements [19] , [24] , [39] ; however, it is not clear if AX centers are important for recombination. In addition to considering point defects such as AX centers, we need to examine whether recombination could be related to extended defects, impurities (such as secondary phases or dopant aggregates), and defect accumulation near such impurities. For example, atom probe tomography (APT) applied to As-doped CdTe epilayers found nm-scale As aggregates [41] . Such aggregates could either be recombination centers or reduce dopant activation without causing recombination losses. The presence of secondary phases is well established in CdTe single crystals [42] , but the role of the secondary crystal phases in recombination is not known.
To examine defect aggregate effects on recombination, we performed microscopic carrier-lifetime analysis in As-doped single-crystal CdTe. Similar crystals were used in solar cell fabrication [38] and defects in such crystals were studied [19] . Fig. 5(a) and (b) shows time-integrated PL intensity measured near the secondary phase identified with infrared (IR) microscopy [42] . Fig. 5(c) shows time-resolved analysis of the same data, where linear intensity profiles display PL(t, x) intensity at variable times after the excitation. The FOV in Fig. 5(b [12] ; excitation wavelength used here is λ ex = 1030 nm.) Immediately after the excitation (0 ns), PL intensity is low at the center of the defect, confirming its attribution to the secondary phase with low radiative efficiency. PL intensity is uniform ࣙ3 μm from the defect, and microscopic TRPL lifetimes in the defect-free region are ≈ 1 ns, similar to lifetimes from spectroscopic measurements [19] , [38] .
We first consider PL(t = 0, x) intensity profile at t = 0 [black line in Fig. 5(c) ]. These data indicate uniform As Te doping in the crystal, which can be evaluated from
where x is a coordinate, n(t = 0) is photogenerated carrier density, which is spatially uniform at the time of generation (t = 0). Therefore, spatial nonuniformity in PL(t = 0, x) is because of p(x), and in Fig. 5 (c) As Te nonuniformity is <20%. We have observed similar uniform As Te doping in polycrystalline solar cells [4] . While As dopants have larger concentration near interfaces (such as grain boundaries) [43] , activated As Te appears to be more spatially uniform in single crystals and in polycrystalline films. This comparison suggests that the larger concentration of nonactivated dopants is present near interfaces, and this is observed as increased recombination near grain boundaries in polycrystalline devices [4] . The linear intensity profiles in Fig. 5(c) can be used to estimate L D [44] . Assuming the secondary phase has a well-defined boundary [42] , gradual change of the PL intensity from the minimum near the defect to the maximum in the CdTe bulk is related to L D , and in this case, L D < 2 μm. A lower L D limit is uncertain because the defect geometry is not known, but the approximately Gaussian line shapes of the linear intensity profiles suggest that L D is larger than the resolution d. This is consistent with the expected L D = sqrt(Dτ B ) ≈ 1 μm.
Measurements were repeated for other areas of the same sample and for additional samples cut from the same crystal boule. Experimental data were consistent and indicated uniform electronic properties of As-doped single-crystal CdTe.
Uniform PL intensity in Fig. 5 shows that extended defects do not limit charge-carrier lifetimes. For example, if nm-size As clusters identified by APT in As-doped epitaxial heterostructures [41] were recombination centers in single crystal samples studied here, charge carriers would diffuse toward such centers and this would result in a spatially nonuniform PL intensity, where nonuniformity would increase over time (e.g., PL intensity at 1.9 ns would be less uniform than PL intensity at 0 ns). We have used such time-resolved microscopy analysis to characterize recombination near the stacking faults [44] , threading dislocations [45] , and grain boundaries [4] . Here, characteristics expected for strong recombination near the extended defects are not observed, suggesting that their role in recombination is either not large or that such defects are distributed uniformly on the smaller-than-d spatial scale. In this aspect, 2PE TRPL data for As-doped single crystals are similar to data for As-doped polycrystalline solar cells [4] : In both cases, we find spatially uniform and short carrier lifetimes when measurements are taken more than L D from the interfaces, such as grain boundaries in polycrystalline solar cells or secondary phases in single crystals.
In summary, 2PE TRPL microscopy shows spatially uniform minority-carrier lifetimes in As-doped single-crystal CdTe and suggests that either a large concentration of point defects or small defect complexes leads to SRH recombination. We do not observe increased recombination because of defect aggregates. Further experimental and theoretical analysis of point-defect SRH recombination centers is ongoing. For instance, theoretical analysis of the As activation process suggests that incomplete As activation may lead to formation of As-related pair complex defects with deep ionization levels in the CdTe bandgap [46] .
IV. CONCLUSION
By using new data and a selective summary of literature results, we described our current understanding of carrierlifetime-limiting SRH recombination-center bulk defects in CdTe. Agreement between the experimental results and theoretical models is mostly satisfactory for undoped CdTe, and more research is needed to quantitatively describe recombination in doped CdTe. In addition to the semiconductor bulk properties described in this paper, experiments and modeling need to consider defects near interfaces and grain boundaries and in the bulk of either graded or alloyed absorbers. Understanding bulk properties in single crystals provides the foundation for such future analysis.
